Abstract. Surface modification of metallic implants is often required to facilitate positive interaction between the implant and the surrounding hard tissue. In the present study, an oxide layer (Cr 2 O 3 ) was successfully created on a Co-Cr-Mo alloys substrate by using thermal oxidation technique in atmospheric condition. The effect of different carbon content (0.03% and 0.24%) of oxidized Co-Cr-Mo alloys was investigated in terms of its corrosion behavior using electrochemical impedance spectroscopy techniques that immersed in simulated body fluid. The corrosion tests were repeated for five times for each of sample condition. The results demonstrated that thermal oxidation and carbon content have correlation in influencing the corrosion performance in Co-Cr-Mo alloys. A high carbon content sample generates a lower corrosion-rate compared to low carbon content sample even though all samples were treated at similar oxidation temperature and time duration. Observation also showed that less diffusion of cobalt released in high carbon sample which is believed has effects in creating the uniformity and dense oxide layer without any presence of microcracks and delamination. This phenomenon can be concluded that carbon content in Co-Cr-Mo alloy have influenced in controlling the reaction of metal elements during thermal oxidation which is beneficial in formation of oxide layer. The uniformity and compact oxide layer substantially have enhanced the corrosion resistance of high carbon Co-Cr-Mo alloy.
Introduction
The current problems of friction and wear in the metal implant such as hip joints and knees have been addressed by many authors due to its crucial importance in the performance of these devices [1] [2] [3] [4] . There is a general agreement that the most important factor affecting longevity of orthopedic implants is the formation of wear debris, which has been linked to problems such as tissue inflammation, bone loss, toxicity and implant loosening [4] [5] [6] .
The Co-Cr-Mo alloy is one of the most used metal implant alloys for artificial joints and provides a good combination of mechanical properties, corrosion resistance and biocompatibility [4, 7] . There are several types of Co-Cr-Mo alloys are currently in use. Each variety has a different chemical composition and thus different properties optimized for a specific design and function [3, 5, 8] . It is known that microstructure and composition of the material alloy affects the corrosion behaviour in simulated body fluids due to changes in surface chemistry. Previous researcher observed that passive film composition depends on solution chemistry and the increase in grain boundaries by forging causes a decrease in corrosion resistance of the forged low-Ni Co-Cr-Mo alloys [7] . While other researchers have analyzed the mechanical properties and tribological properties of a Co-Cr-Mo alloy after undergone nitriding process and they found a correlation between carbide concentrations and wear resistance increased with increasing treatment time and temperatures [8] .
Some studies have demonstrated the influence of carbon content and motion on the wear of metal on metal articulations [9] [10] [11] [12] . Yan et al. observed HC Co-Cr-Mo has delivered the best performance in terms of a low and stable wear rate, high tribocorrosion resistance and low friction [13] . Almost similar results claimed by Igual Munoz and Mishler when they observed that high carbon (HC) Co-Cr-Mo is a better material in terms of corrosion and wear resistance compared to low carbon (LC) Co-Cr-Mo when studying tribocorrosion test in simulated body fluids [14] .
Besides that, other different studies done by Mas Ayu et al. observed reducing of toxic ions for high carbon content compare to low carbon content under circulation immersion test in simulated body fluid using similar thermal oxidation process [15, 16] . Therefore, it can be concluded that carbon content plays an important role when considering the wear tests, corrosion rate and releases of toxic ions in Co-Cr-Mo alloys.
Therefore, the aim of this work is to investigate the influence of thermal treatments on the corrosion rate of HC and LC Co-Cr-Mo alloys using Hank's solution under controlled mechanical and electrochemical conditions.
Materials and Methods
Substrate Preparation. Two different carbon contents i.e. 0.03%C and 0.24%C of Cobalt-Chromium-Molybdenum alloy (Co-Cr-Mo) rod and their chemical composition of substrates material used in the present study is given in Table 1 . These substrates are referred as low carbon (LC) and high carbon (HC) respectively. The specification of substrate materials follows the international standards (ASTM F1537) and is suitable for use as biomedical implant. The material was cut using a precision cutter (Buehler, Isomet 4000) into disc size of 14mm diameter and 2mm. All samples were ground using Struers Grinding and Polishing machine (Tegramin-25) to obtain similar surface roughness. Small variation in surface roughness between samples will not significantly influence the adhesion strength of the oxide layer formed after thermal oxidation process. The surface roughness of all substrate was measured using Mitutoyo SJ-301 surface profilometer while the average roughness of ground samples obtained was 0.1±0.02 µm. Ground samples were left to dry for overnight in the oven at 50ºC before they were taken for next process [15] . Table 1 Thermal Oxidation Process. All samples were placed on the crucible holder and then heated at constant temperature of 1050ºC for 3 hours duration in a muffle furnace under atmospheric condition similar to dental prosthesis preparation reported by industry [16, 17] . The purpose thermal oxidation was done at specific temperature in order to obtain finer grain size and higher hardness as mentioned by previous researchers [4, 16] . While, the chemical composition and surface morphology of oxide layer formed on the HC and LC of Co-Cr-Mo alloy was examined using X-ray Diffraction (XRD) and field emission scanning electron microscope (FESEM) respectively.
Potentiodynamic Polarization Test. Potentiodynamic polarization diagrams were determined using a classical three-electrode cell with specimen as a working electrode with an exposed area of about 0.402cm 2 , a saturated calomel electrode (SCE) as a reference electrode and graphite as a counter electrode by employing Princeton Applied Research, US potentiostat (VersaSTAT 3-300). The samples were exposed to the test solution at static and aerated condition; and equilibrated in 500ml Hank's solution for 30 minutes prior to generation polarization. Megastudio Software measured the impedance in the frequency range of 5mHz to 100kHz, using perturbation amplitude of 20mV around the corrosion potential. The corrosion potential (E corr ) and corrosion current density (i corr ) were calculated from the intersection of the cathodic and anodic Tafel curves using the Tafel extrapolation method.
The test was repeated for five times for each of sample condition. After the corrosion test, the samples were removed from the flasks and cleaned as referred from previous researcher [16] . The samples were cleaned using ultrasonic bath in acetone solution for several minutes, followed by water rinsed and air blast dry in order to ensure no debris sticks on the sample surface. Evaluation on the surface characterization of untreated sample is done for comparison purposes with the oxidized samples. The characterization were done using field emission scanning electron microscope (FESEM) equipped with EDX attachment to yield data on possible degradation mechanisms of the oxide layers.
Results and Discussions
Surface Characterization. Previously, HC and LC samples were treated using thermal oxidation process at temperature 1050ºC for 6 hours in order to form oxide layer on the substrates. Figure 1 shows SEM images of LC and HC samples after undergone corrosion test in Hank's solution. It is evident that delamination occurred on the LC sample where oxide layer formed have been severely cracks after the corrosion tests as shown in Figure 1(a) . However, no delamination was observed in HC oxidized sample and the surface was covered by triangular grains shape and looks denser compared to LC sample.
The composition of oxide layer was mainly composed of rich chromium and oxygen which is known as Cr 2 O 3 layer. This result is proved by XRD machine where all oxidized samples were measured directly after thermal oxidation (Figure 2) . The similar surface morphologies were also obtained by other authors, who determine the same composition of oxide layer [17, 18] . In Figure  2 (a), the highest peak of Co element was detected on LC sample but none were found in HC sample. The detection of Co element in the LC outer layer is probably due to its low thickness (2.7±0.15µm) compared to HC outer layer (6.5±0.2µm) [15] . Large amounts of Cr react continuously with O 2 and Mn which forms chromium oxide (Cr 2 O 3 ) and manganochromite (MnCr 2 O 4 ). Similar formation of Cr 2 O 3 and MnCr 2 O 4 was reported by other researchers when they subjected thermal cyclic on cobalt based alloy with carbon content of 0.04% [17] .
Figure 2(b) shows Cr 2 O 3 has the dominant peak in HC sample indicating that high amounts of Cr-rich alloy have reacted with O 2 . As mentioned earlier when more oxygen diffused into the surface alloy, Cr reacts with Mn and Co which later forms into MnCr 2 O 4 and Co 0.8 Cr 0.2 scales. However, peak counts for those compounds were less than Cr 2 O 3 due to large amounts of Cr has distributed homogenously in the oxide layer and only the remnants of Cr react with Mn and Co. It is also noted that Mn 23 C 6 was formed on the HC oxide layer but very marginal at this range of oxidation. It is worth noting that, although Co-Cr-Mo alloys have high tendency to form cobalt oxide layer, but no cobalt oxide layer was detected or seen in the XRD results on both substrates. Similar results were reported by Buscail et al. when they oxidized Co-Cr-Mo alloy with 0.04% carbon content at higher temperature (1100°C) for 24 hours [17] . It seems that Cr 2 O 3 suppresses cobalt from reacting with the oxygen. The intensity of the peaks obtained in this study is dependent on the XRD technique employed, i.e. grazing angle, thus only the surface oxides and some alloy from the bulk material are detected.
Based on the XRD semi-quantitative data, the ratio of MnCr 2 O 4 to Cr 2 O 3 in the oxide layer of HC is 3 times lower than the ratio of MnCr 2 O 4 to Cr 2 O 3 in the LC oxide layer. Previous researcher reported that MnCr 2 O 4 is a non-protective compound and it porosity has no effect or influence on the diffusion properties of the main Cr scale [4, 17] . In this finding, it is believed that the appearance of micro-cracks and cocoons like shape on the outer layer of the LC sample belongs to MnCr 2 O 4 which develops during cooling process. Table 2 resumes the electrochemical parameters obtained from the polarization curves. The polarization test was employed to study the corrosion resistance performance of two different thermal treatments duration on Co-Cr-Mo alloy surface. The related polarization curves are plotted in Figure 4 . While the values corrosion current density (i corr ) and corrosion potential (E corr ) obtained from the curves analyses were summarized in Table 3 . It is observed that the E corr for 6 hours thermal treatment on HC Co-Cr-Mo alloy sample (-140 ± 0.1 mV) is slightly nobler than LC sample (-154 ± 0.2 mV). It is also observed that at 6 hours treated on HC sample very low corrosion rate obtained which is 0.0094 mmpy compared to LC sample with corrosion rate generated was 0.0133 mmpy. This phenomenon happened due to the denser and uniform oxide film formed on the HC CoCrMo alloy surface. The dense oxide film is believed able to act as a barrier to prevent chemical attack and thus protect the alloy from corrodes. 
Conclusions
Carbon concentration in cobalt based alloy has direct influence on the formation of oxide layer when oxidized at 1050 o C for 6 hours. Thicker and denser oxide structure without micro-cracks is obtained on 0.24%C Co-Cr-Mo alloy sample which able to reduce the corrosion rate (0.0094 mmpy vs. 0.0133 mmpy). Cr 2 O 3 with blocky triangular grains in the range 500nm dominates the oxide layer on HC sample. Thinner and smaller grain structure consist of mainly manganochromite exists on oxidized LC sample. Micro-cracks appear on this oxide layer structure promotes higher corrosion rate than oxidized HC sample. This phenomenon happened due to the SBF fluid managed to penetrate into the bulk material and caused excessive released of metal ions.
